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The condensation step of fatty acid elongation is the addition of a C2 unit from malonyl-CoA to an
acyl primer catalyzed by one of two families of enzymes, the 3-ketoacyl-CoA synthases and the ELO-
like condensing enzymes. 3-Ketoacyl-CoA synthases use a Claisen-like reaction mechanism while
the mechanism of the ELO-catalyzed condensation reaction is unknown. We have used site-directed
mutagenesis of Dictyostelium discoideum EloA to identify residues important to catalytic activity
and/or structure. Mutation of highly conserved polar residues to alanine resulted in an inactive
enzyme strongly suggesting that these residues play a role in the condensation reaction.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Very long-chain fatty acids (VLCFA), those fatty acids with chain
lengths of C20 and greater, play pivotal roles in cellular structure
and regulation. The acyl chains of ceramides and more complex
sphingolipids, the building blocks of membrane microdomains,
are often VLCFAs [1] and may be essential for the signaling func-
tion of sphingolipids [2]. The presence of VLCFAs in both leaﬂets
of the lipid bilayer are thought to stabilize curved membranes
[3]. Both land plants and animals exploit the hydrophobic nature
of VLCFAs for protection against dehydration and the environment.
In plants, VLCFA up to C32 are found as components of cuticular
wax and suberin [4,5], while in mammals, VLCFAs longer than
C30 are essential for the proper structure and function of the skin
by creating a permeability barrier [6]. C22 VLCFAs are an important
component of retinal lipids and C20 is a precursor of mediators in-
volved in the inﬂammatory response [6,7].
VLCFA are produced at the ER membrane from de novo synthe-
sized C16 and C18 fatty acids through the activity of a membrane-
bound fatty acid elongase complex comprised of a condensing
enzyme, two reductases, a dehydratase, and, as recently shownin plants, an immunophilin-like scaffolding protein [8,9]. Together,
these independent polypeptides catalyze a series of reactions
analogous to those catalyzed by fatty acid synthases in the
condensation of a C2-unit from malonyl-CoA with an acyl primer
to form an elongated 3-ketoacyl-CoA, which is subsequently
reduced to the enoyl-CoA, dehydrated, and further reduced to the
product acyl-CoA.
Two families of fatty acid elongase condensing enzymes have
been described. Animals, fungi, and other higher-order eukaryotes
accomplish fatty acid elongation with a distinct family of condens-
ing enzymes, ﬁrst described in Saccharomyces cerevisiae as ELOs,
which have been modeled to span the membrane ﬁve to seven
times [10–14]. Arabidopsis also has predicted homologs to the
ELOs; one, HOS3, is implicated in the production of C26 fatty acids
that are incorporated into ceramides [15]. In plants and protists,
3-ketoacyl-CoA synthases (KCSs) with sequence similarities to
the canonical Fatty Acid Elongase 1 KCS (FAE1 KCS) catalyze the
initial step in fatty acid elongation and have apparent structural
and catalytic similarities with the Type II fatty acid synthase
condensing enzyme [8,16–20].
ELOs have substrate speciﬁcities that cover a wide range of fatty
acid chain lengths and degrees of unsaturation and can be classi-
ﬁed into phylogenetic clades based on their biochemically charac-
terized activity with saturated and mono- or polyunsaturated
substrates [10,21,22]. In yeast, Elo2p and Elo3p are responsible
for the production of the saturated C26 acyl chains found in
sphingolipids and a simultaneous disruption of the genes encoding
these ELOs is synthetically lethal [12,13,23]. Lower plants and
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noic acid and docosahexaenoic acid through the activities of ELOs
and desaturases with distinct substrate speciﬁcities [24]. ELOs
have been described in mammals where their functions are being
unraveled. One, ELOVL4, is linked with a form of Stargardt disease,
STGD3, the most common form of inherited macular dystrophy in
which the macula atrophies and a degeneration of retinal pigment
epithelium is observed [6]. Three alleles have been identiﬁed for
STGD3, each of which results in a truncated protein that is missing
the dilysine ER retention motif; the mislocalization of coexpressed
mutant and wildtype ELOVL4 is thought to be the root of at least
some of the phenotypic readout [25,26]. Disruption of both copies
of ELOVL4 in mice results in a neonatal lethality where missing
skin lipids results in the inability to retain water [11]. ELOVL3
appears to have roles in the synthesis of triacylglycerols in the liver
and their accumulation in adipose tissue [27,28] while the very
long chain polyunsaturated fatty acids produced by ELOVL2 are
essential for spermatogenesis and male fertility [29].
Despite each catalyzing condensation reactions with identical
substrates, ELOs and KCSs have no sequence or predictedFig. 1. Multiple sequence alignment of EloA and related fungal ELOs. The four motifs, A–
highly conserved (#) in all known ELOs are indicated below the EloA sequence. Gene ac
Hansenula polymorpa HaELO1, AB194620; Mortierella alpina, AAF71789; and D. discoideutopological similarity. Sequence alignment and mutagenesis have
demonstrated that FAE1 KCS possesses a catalytic triad identical
to those found in fatty acid synthase and polyketide synthase
condensing enzymes (Cys His His/Asn) [30,31]. These enzymes
catalyze the ﬁrst step in elongation via a Claisen-like condensation
[30,32] where the acyl-CoA substrate enters the active site ﬁrst
and, upon a nucleophilic substitution reaction, is covalently bound
by the active site cysteine releasing the CoA moiety. The malonyl-
CoA substrate then enters the active site and, either in a step-wise
or concerted fashion, is decarboxylated and the generated enolate/
carbanion, nucleophilically attacks the carbonyl group of the acyl
primer, generating the 3-ketoacyl CoA product via an enzyme-
bound tetrahedral intermediate [31].
ELOs have clearly been shown to independently catalyze the
condensation of malonyl-CoA with an acyl-CoA in reconstituted
proteoliposomes [33], however, the mechanism by which this
reaction proceeds has not been delineated. There is no conserved
Claisen-like condensing enzyme catalytic triad found in ELOs; in-
deed, the only conserved motif in ELOs that is familiar is a LHXXHH
histidine box (Fig. 1) that is found in enzymes that carry outD, found in all members of the ELO family are boxed while residues absolutely (⁄) or
cession #s: S. cerevisiae ScELO1, NP_012339; ScELO2, NP_009963; ScELO3, 013476;
m, EloA, EU826171.
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histidine boxes are thought to bind iron [34]. In addition to the his-
tidine box, four additional conserved motifs that have no similarity
to other functionally characterized enzyme families have been
identiﬁed in the ELO family. The uniqueness of the ELO sequence
suggests that these enzymes carry out the condensation reaction
using novel chemistry, an understanding of which may impact
our understanding and treatment of disease states. Here, we de-
scribe the ﬁrst steps toward understanding the ELO-catalyzed con-
densation reaction through site-directed mutagenesis of highly
conserved amino acids among the ELO family in EloA, a highly ac-
tive ELO from the cellular slime mold, D. discoideum.
2. Materials and methods
2.1. Multiple sequence alignment
Sequences of functionally characterized ELO family members
(total of 39 sequences) from mammalian, fungal, algal, ﬁsh, protist,
and moss sources were aligned and a number of highly conserved
residues were identiﬁed. The protein multiple sequence alignment
was constructed with Clustal X version 1.83.1 using the Gonnet
250 protein weight matrix and default gap parameters followed
by bootstrapping with Phylip version 3.65 using the PAM matrix
with 1000 replicates and default parameters [35,36].
2.2. Site-directed mutagenesis of EloA
Highly conserved residues in the ELO family were mutated with
the QuikChange II Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA). Forward and reverse primers (Table SI1) were designed
to introduce codons for alanine or phenylalanine in place of those
for the targeted amino acids. The mutagenesis extension reactions
were carried out as described by the manufacturer with EloA sub-
cloned into the BamHI and XhoI sites of pESc-His (Statagene) as the
template. After DpnI digestion of the template, mutated plasmids
were transformed into XL-1 Blue competent Escherichia coli (Strat-
agene), isolated by Wizard Plus Miniprep DNA kit (Promega, Mad-
ison, WI), and sequenced (BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems Foster City, CA) with vector-
directed primers to conﬁrm installation of the desired mutation.
2.3. Analysis of fatty acid elongation activity
Plasmids encoding wild-type or mutant EloA or the empty vec-
tor were transformed into S. cerevisiae (InvSc1; Invitrogen) and se-
lected for growth in the absence of histidine on complete minimal
media (cm-his) plus 2 g/100 ml dextrose [37]. Starter cultures in
rich media were inoculated with a single colony and grown over-
night at 30 C with shaking (250 rpm). Expression cultures were
inoculated from starter cultures and grown for 3 days in cm-his
with galactose (2 g/100 ml) at 30 C with shaking (250 rpm).
Equivalent cell numbers were collected and fatty acid methyl es-
ters (FAMEs) prepared by transesteriﬁcation (2% H2SO4/MeOH) at
80 C for 1 h. FAMEs were extracted into hexanes and analyzed
by gas chromatography/mass spectrometry (GC/MS) with an Agi-
lent Technologies 7890A GC/5975C MS and HP5 column (J&W
Scientiﬁc).
2.4. Preparation of microsomes from EloA-expressing yeast
Microsomes were prepared essentially as described [38] from
overnight 40-ml expression cultures grown at 30 C with shaking.
Cells were collected and resuspended in isolation buffer (IB;
80 mM Hepes–KOH, pH 7.2; 10 mM KCl, 320 mM sucrose, 5 mMEDTA, 5 mM EGTA, 31 lg/ml benzamidine and 0.1 mM PMSF)
and lysed by glass-bead (0.5-mm beads) homogenization on a Bead
Beater 8 (BioSpec Products). After unlyzed cells and cell debris
were removed, microsomes were pelleted by ultracentrifugation
(1 h, 100000g) and resuspended in IB containing 15% glycerol
(2.5 lg total protein/ml).
2.5. Immunoblot analysis of EloA expression
Polyclonal antibodies were raised in a rabbit against a synthe-
sized peptide derived from the EloA amino terminus (residues
1–20; Cocalico Biologicals) and used in immunoblot assays to
determine protein levels. Microsomal protein (20 lg) was sepa-
rated on a 12% SDS–PAGE gel and transferred onto Immobilon-P
(Millipore) polyvinylidene ﬂuoride membrane. The blocked mem-
brane (100 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween 20) was
incubated with anti-EloA (1/500 dilution) combined with anti-
Erg27p (1/300 dilution; gift from Martin Bard, Indiana University
– Purdue University Indianapolis) for a loading control. The levels
of EloA and Erg27p were detected upon incubation with goat-anti
rabbit IgG horseradish peroxidase conjugate (Biorad; 1/2500) fol-
lowed by chemiluminescent detection (Pierce SuperSignal West
Pico) with a Biorad photodocumentation system (2 min exposure).
3. Results and discussion
While we have no knowledge of how ELOs catalyze the conden-
sation reaction, we reasoned that highly conserved amino acid res-
idues are likely to have either a structural or a catalytic role in ELO
function. A multiple sequence alignment of the functionally char-
acterized ELOs identiﬁed four ELO family consensus motifs in EloA
as well as a number of additional highly conserved amino acid res-
idues [10]. An alignment of EloA with its closest homologues is
presented in Fig.1. Indicated on the sequence alignment are resi-
dues that are absolutely (⁄) or highly (#) conserved among the en-
tire family of functionally characterized ELOs. We targeted
absolutely and highly conserved residues found in the ELO family
for site-directed mutagenesis and replaced them with alanine or,
in the case of tyrosine residues, both alanine and phenylalanine,
to interrogate their possible role in EloA structure/function. In all,
twenty individual EloA site-directed mutants were prepared in a
yeast expression vector and transformed into S. cerevisiae for
expression and biochemical analysis.
As our activity assay examines the production of 18:1D11 in vivo
and not that of puriﬁed enzyme, we examined the level of expres-
sion of wild-type and mutant EloA alleles by immunoblot. Micro-
somes prepared from yeast expressing wild-type EloA and each
mutant allele as well as yeast transformed with the empty expres-
sion vector (EV) were simultaneously probed with anti-EloA and
anti-Erg27p sera. Erg27p is a microsomal protein involved in
ergosterol biosynthesis in yeast [39] and was used as a loading
control (LC) for total microsomal protein (Fig. 2). As expected, lanes
loaded with microsomes derived from yeast transformed with the
empty vector showed only a band corresponding to Erg27p (molec-
ular mass = 39.7 kDa), while the lanes loaded with microsomes
prepared from yeast expressing wild-type EloA and each mutant
had two bands; the LC and EloA (molecular mass = 32.2 kDa).
EloA is a highly active ELO that catalyzes the elongation of
16:1D9 to 18:1D11 [10]. The activity of the mutant EloA enzymes
was examined upon expression in S. cerevisiae through the prepa-
ration of FAMEs from total yeast lipids followed by GC/MS analysis
and reported as the production of 18:1D11 relative to wild-type
EloA (Fig. 3; for the complete fatty acid proﬁle, see Table SI2).
The site-directed mutants fell into three groups based on their
activity relative to the wild-type enzyme; those within 10% of
Fig. 2. Immunoblot analysis of microsomes from yeast expressing mutant EloA alleles. Microsomal protein (20 lg) was analyzed by immunoblot with anti-EloA and anti-
Erg27. Erg27 (LC) is found in all samples, including the empty vector (EV), while EloA is found only in samples prepared from yeast transformed with wild-type or mutant
genes.
Fig. 3. Production of 18:1D11 by EloA site-directed mutants. Fatty acid methyl esters prepared from total yeast cellular lipids were analyzed by GC/MS. 18:1D11, % relative to
the wild-type EloA, is presented as the mean ± S.D.; n = 5–6. Note that S. cerevisiae has a low level of endogenous activity with close to 2% of the total FAMEs as 18:1D11 (see
Table SI2).
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tween 35 and 60% of wild-type activity (Y45A, C104A, E126A,
M180A, Y181A, T200A); and those with little or no activity
(K123A, D129A, T130A, H147A, H148A, N173A, H177A, Q203A,
Q206A, and F252A). Each of the mutant EloAs that showed little
or no activity, except T130A, H148A, and N173A, demonstrated
at least an equivalent level of staining with anti-EloA and a compa-
rable ratio between EloA and LC staining as the wild-type (Fig. 2).
This indicates that the absence of EloA activity in yeast expressing
these mutant alleles is not the result of the degradation of an
unstable polypeptide.
Two of the highly conserved residues in the ELO family, Tyr45
and Tyr181, were replaced with both alanine and phenylalanine
residues to probe whether an aromatic ring at these positions
was sufﬁcient for a stable and active structure or if the hydroxyl
group was required for structure and/or activity. In both
cases, the alanine mutant (Y45A and Y181A) demonstrated adramatically decreased level of activity (55% and 40% of wild-type
activity, respectively) while the phenylalanine mutants had within
10% of the wild-type level of activity. As the replacement of each of
the tyrosines with phenylalanine resulted in near wild-type activ-
ity while the presence of an alanine abrogated activity, it appears
that there is a structural requirement for an aromatic ring but no
requirement for a phenolic group for catalytic activity at these
positions. This result is consistent with the observation that a
number of the ELOs without a tyrosine at the position equivalent
to Y45 in EloA, have a phenylalanine or tryptophan residue that
may play a similar structural role as the tyrosine group.
The cysteine of the Claisen-like condensing enzyme catalytic
triad (CHH/N) is essential and is thought to covalently bind the acyl
primer prior to condensation with the malonyl-CoA-derived C2
unit [30,31]. The ELO family does not have an absolutely conserved
cysteine residue; C104 of EloA is the only cysteine that is some-
what conserved (30% of sequences) in the family. Mutation of
Fig. 4. Topology model of four key membrane-spanning domains of EloA. Residues
targeted by site-directed mutagenesis are indicated on a model of the transmem-
brane topology of EloA [10]. Dark gray boxes indicate four ELO consensus motifs,
within which most of the highly conserved residues in ELOs are found.
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type activity indicating that this residue is not essential for activity.
The model for EloA membrane-spanning structure (Fig. 4) [10] pre-
dicts that C104 resides in a loop found on the lumenal side of the
ER membrane, away from the cytosol where the acyl-CoA and mal-
onyl-CoA substrates of the enzyme are found. Our demonstration
that C104 is not essential for activity, along with the model of EloA
structure, indicates that this residue does not function in the catal-
ysis of fatty acid elongation and, as there is no other conserved cys-
teine in the family, ELOs do not appear to covalently bind the acyl
primer through a cysteine moiety as seen in the classical Claisen-
like condensing enzymes. If the acyl group is covalently bound in
the EloA active site, it may be through an ester linkage with a
Ser, Thr, or Tyr residue. We found two Thr residues (T130 and
T200), proximal to the cytosol, that are important for activity
(mutation to alanine resulted in 31% and 36% of wild-type activity,
respectively), however the stability of an ester linkage relative to a
thiol ester linkage may make the subsequent condensation reac-
tion less likely if the acyl group were bound through a hydroxyl
side chain [40]. Alternatively, the acyl primer may not be cova-
lently bound at all, implying that the active site binds two CoA-
bound substrates at the same time.
The histidine box (LHXXHH; residues 143–148 in EloA) found
in the ELO family is the only primary structural motif found in
ELOs with an easily identiﬁable similarity to other enzymes,
those that catalyze oxidative reactions such as the fatty acid
desaturases where they are essential and thought to bind the
catalytic di-iron center [34]. A variation of the histidine box,
where the ﬁrst histidine is replaced with a glutamine (LQXXHH)
is found in ‘‘front-end’’ fatty acid desaturases, such as the D6
desaturase from borage [41] that install double bonds in fatty
acids between the carbonyl group and an existing point of unsat-
uration at the D9 position, and in ELO homologues from Mortier-
ella alpina (MALCE1p) and microalgae (Isochrysis galbana; IgASE1)
[14,42]. We probed the possible role of the conserved residues in
the histidine box of EloA and found that mutation of H147 and
H148 to alanine each abrogated EloA-catalyzed elongation activ-
ity (Fig. 3) but had little effect on the protein level (Fig. 2) while
the H144A allele maintained nearly 100% of the wild-type activ-
ity. An imidazole group at position 144 is, therefore, not neces-
sary for EloA activity but H147 and H148 are each important
for EloA activity, possibly playing roles in catalysis and/or struc-
ture. These results are consistent with those reported by Denic
and Weismann who found that mutation of the second histidine
in the histidine box of S. cerevisiae Elo2p (that corresponding to
H147 of EloA) to alanine resulted in an inactive enzyme [33].Mutagenesis of the variant histidine box found in the I. galbana
IgASE1 ELO [14] where the glutamine residue replacing the ﬁrst
histidine of the canonical histidine box was mutated to either a
histidine or an alanine, decreased activity but did not inactivate
the enzyme [43] while similar changes in the borage front-end
desaturase abrogated activity [41,44]. Together, these results
indicate that the histidine box in the ELO family plays a different
role than that in the desaturases.
The mutation of many residues that are predicted to reside at
the cytosolic side of the ER membrane (Fig. 4) [10,33] from polar
residues (K123, D129, N173, H177, Q203, and Q206) to alanine,
resulted in the inactivation of EloA (Fig. 3). As the acyl-CoA
and malonyl-CoA substrates of the enzyme are found in the
cytosol, these results suggest a possible role of these residues
in either substrate binding or in catalysis outright. The coenzyme
A carrier of the acyl and malonyl groups is negatively charged
suggesting that the positively charged residues (K123 and poten-
tially H147, H148, and H177) form salt bridges with the sub-
strate molecules. Interestingly, residues with apparent roles in
discriminating among acyl substrates of different lengths are
found at the lumen proximal end of ELO transmembrane do-
mains and have been suggested to limit the length of acyl chain
accepted by a particular ELO [33,45]. These studies, together
with the work we have presented here, strongly suggests that
the acyl substrate enters a binding pocket within the mem-
brane-spanning fold of the ELO with the methyl end leading
and spanning the membrane while the carboxyl end is held at
the cytosolic face where it is available for the condensation reac-
tion with malonyl-CoA.
Our studies have provided insight into residues possibly in-
volved in catalyzing the condensation reaction in ELOs. It appears
that the mechanism proceeds by a different pathway than that
seen in fatty acid synthases and the related 3-ketoacyl-CoA syn-
thases found in plants and the polyketide synthases. Further stud-
ies into the roles of important residues identiﬁed here in the
condensation reaction are underway.
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